The nonanalytic property of metric resulting from the presence of gravitomagnetic monopoles is considered. The curvature tensors, dual curvature tensors, dual Einstein tensor (and hence the gravitational field equation of gravitomagnetic matter) expressed in terms of nonanalytic metric are analyzed. It is shown that the spinor gravitomagnetic monopole may be one of the potential origins of the cosmological constant. An alternative approach to the cosmological constant problem is thus proposed based on the concept of gravitomagnetic monopole.
The gravitomagnetic interaction attracts attention of researchers in various areas such as the neutron interferometry experiment [1, 2, 3] , gravitational geometric phase shift [4, 5, 6, 7] , interaction between moving particles and gravitomagnetic fields [8, 9] as well as spinrotation coupling [10, 11, 12, 13] (or the coupling of gravitomagnetic moment to gravitomagnetic fields [14] ). Basically, the interactions involved in these considerations are all in connection with the contribution of gravitomagnetic dipole moments. As for the gravitomagnetic monopole, it has been investigated by many authors in the literature since 1960's. These studies include the spherically and cylindrically symmetric metric produced by gravitomagnetic charge [15, 16, 17] , various properties and effects (e.g., geodesics, trajectory, and gravitational lensing effect) in NUT spacetime [18, 19, 20, 21] , the differential geometric and quantal field properties [22, 23] as well as the quantization of gravitomagnetic charge [24, 25, 26] . Gravitomagnetic charge is a kind of topological (dual) charge, which can be referred to as "dual mass" [27] . Some authors referred to it as "magnetic mass" or magnetic-type mass (magnetic-like mass) [18] . In this sense, matter may be classified into two categories, i.e., the regular matter (gravitoelectric matter) and the dual matter (gravitomagnetic matter). The former has mass while the latter has dual mass. More recently, we considered some related topics of such a topological dual mass, including the geometric (topological) effects in NUT space, dual curvature tensors, dual current density as well as gravitational field equation of gravitomagnetic monopole of its own [27, 28] .
As the gravitomagnetic charge (should such exist) is a kind of topological charge, which leads to some new interesting geometric (topological) effects of spacetime, one should first examine in detail the topological (global) * E-mail address: jqshen@coer.zju.edu.cn properties of metric, where the gravitomagnetic matter is present. It is found that if the gravitomagnetic charge exists in spacetime, then the metric is no longer analytic. One of the most immediate consequences due to this property is such that the partial derivatives of the metric with respect to the spacetime coordinates cannot commute, i.e., ∂ α ∂ β g µν = ∂ β ∂ α g µν . Although many properties relevant to the metric of gravitomagnetic monopole have been considered in the literature [18, 19, 20] , to the best of our knowledge, the nonanalytic property of metric in the presence of gravitomagnetic monopoles may have so far never been discussed in detail. In the present Letter, we further consider two subjects: i) the curvature tensors and dual curvature tensors with nonanalytic metric; ii) the connection between matter and dual matter in gravitational field equations. As a result of this consideration, we show that the spinor gravitomagnetic matter may be one of the potential origins of the cosmological constant. Thus the study of the dynamics of gravitomagnetic monopoles might open up a possibility of probing into the cosmological constant problem [29] .
In order to study the nonanalytic metric as well as the dynamics of gravitomagnetic monopole, we should first define a dual Riemannian curvature tensor as follows [28] 
where ǫ λσ µτ denotes the Levi-Civita tensor. Note that such a dual curvature tensor is antisymmetric in both indices (µ, τ ) and (ω, ν). It follows from the definition (1) that there exists a duality relationship between the Riemannian curvature tensor and its dual, i.e.,
Thus one can obtain a connection between the curvature scalar R and the dual curvature scalar R. This connec-tion is expressed as follows
Under the condition that the variation of the dual action vanishes, i.e., δ Ω √ −g RdΩ = 0, one can arrive at an antisymmetric dual Einstein tensor
where the dual Ricci tensor R µν = g τ ω R µτ ων . In addition, according to the definition of the dual Riemannian curvature tensor (1), R µν can be rewritten in the form
It should be noted that the NUT metric (with a vanishing Schwarzschild mass parameter) is in fact the solution to the source-free Einstein's gravitational field equation (vacuum equation). Einstein's source-free field equation can be viewed as a Bianchi identity seen from the point of view of the theoretical framework of dual curvature tensors [28] . In other words, the gravitomagnetic charge is required of a gravitational field equation of its own for treating the dynamics in the spacetime in which the gravitomagnetic monopole is present. The possible field equation may be of the form
where S µν is an antisymmetric source tensor of the gravitomagnetic matter [27, 28] , which will be discussed in detail below. The physical meanings of the field equation (6) in the weak-field approximation is explicit: if the gravitomagnetic vector potentials, g 0λ and g σ0 (λ, σ = 0 − 3), can be rewritten as a λ and a σ , respectively, then by using the formula
one can show that the (µ0) component of the dual Ricci tensor in the weak-field approximation takes the form R µ0 = (1/4)ǫ λσω µ ∂ ω f σλ , where the weakly gravitational field "tensor" is of the form
Apparently, in the weak-field approximation the quantity R µ0 is exactly analogous to the divergence of the dual electromagnetic field tensor,
F σλ . Such a divergence term appears on the left-handed side of the electromagnetic field equation of magnetic charge [19, 30] . In a word, as the left-handed side of Eq. (6) contains a divergence term of dual field "tensor", Eq. (6) may indeed be viewed as a gravitational field equation of gravitomagnetic matter of its own.
As a kind of topological charge in spacetime, gravitomagnetic charge will unavoidably result in a nonanalyticity of the metric functions. For this reason, one can obtain the following two asymmetric Ricci tensors
The connection between these two Ricci tensors is given by
where the expression (∂ ν ∂ β − ∂ β ∂ ν ) g αµ no longer vanishes if the metric is nonanalytic. In spite of this, the contractions of these two asymmetric Ricci tensors yields the same curvature scalar, i.e., R = g µν ℜ µν = g µν ℜ ′ µν . It follows that once the gravitomagnetic monopole is absent and the metric tensor is then analytic, the two Ricci tensors are the same (ℜ µν = ℜ ′ µν ), and consequently the symmetric property of ℜ µν in indices (µ, ν) will be recovered.
How can we construct a symmetric Ricci tensor within the framework of nonanalytic metric? Note that the Ricci tensor is in general the contraction from the curvature tensor R αµνβ that is antisymmetric in both (α, µ) and (ν, β). As stated above, there are two candidates ℜ µν , ℜ ′ µν . We can construct a fourthrank tensor ℜ αµνβ = (1/2) (R αµνβ + R µαβν ). It can be readily verified that this tensor is truly antisymmetric in indices (α, µ) and (ν, β) seen from the following relations:
αβ ℜ αµνβ may be considered a Ricci tensor. However, this tensor is not symmetric in indices (µ, ν). In order to obtain a symmetric Ricci tensor, we should symmetrize it, namely, the following form
is chosen as the required symmetric Ricci tensor. If the partial derivatives can commute, expression (10) will be reduced to the regular form in Riemannian geometry, the metric of which is analytic. Now let us return to the field equation (6) . The problem left to us is to construct the so-called source tensor S µν . Note that the dual tensor G µν is antisymmetric in indices (µ, ν), so is the source tensor. As a tentative consideration, here we only analyze the spinor field ψ that characterizes the spinor gravitomagnetic matter. Clearly, the following two tensors which possess an antisymmetric property can be immediately achieved: one is A µν =ψ (γ µ γ ν − γ ν γ µ ) ψ, and the other is its dual, (1/2)ǫ θτ µν A θτ . Here the Dirac matrices γ µ 's are defined through the relation γ µ = e a µ γ a , where e a µ denotes the vierbein field and the Latin suffixes a's stand for the indices of the coordinates in the flat Minkowski spacetime. It is well known that the spin (or the spinning gravitomagnetic moment) of a massive particle is the source of a gravitomagnetic field. Likewise, the spin of a gravitomagnetic monopole (with a dual mass) may be the source of a gravitoelectric field (Newtonian gravitational field). If, for example, the quantity A µν acts as a source tensor, the spinning gravitomagnetic moment of dual mass will produce gravitoelectric fields. The dual Einstein tensor G µν , which, as stated above, contains a divergence term of the dual weakly-gravitational field "tensor", is, however, of the "magnetic" type. Thus such a source tensor should be removed for this reason. Since A µν can produce gravitoelectric fields, its dual may in turn produce gravitomagnetic fields instead. Hence, a reasonable choice may be the adoption of the dual, (1/2)ǫ θτ µν A θτ , as the source tensor of Eq. (6) .
In view of the above discussion, the simplest form of the gravitational field equation of gravitomagnetic charge (e.g., the spinor dual matter) reads
where κ is a certain coupling coefficient. To see the connection between matter and dual matter in gravitational field equations, we multiply the two sides of Eq. (11) by a fully antisymmetric Levi-Civita tensor ǫ µναβ , and then arrive at
Taking account of the relation [28]
one can rewrite Eq. (12) as a set of equations
where s αβ is a certain symmetric tensor, the physical meanings of which will be revealed in the following. If we take into account the relations (10) and γ α γ β + γ β γ α = 2g αβ , we can obtain a formula
from Eqs. (14) . According to Einstein's field equation, the symmetric tensor s αβ may act as the source tensor of gravitoelectric matter and thus takes the form Λg αβ − (8πG/c 4 ) T αβ − g αβ T /2 , where Λ, G and c denote the cosmological constant, Newtonian gravitational constant and speed of light in vacuum, respectively. T αβ is the energy-momentum tensor of matter (gravitoelectric matter). The connection between gravitomagnetic and gravitoelectric matter in the gravitational field equations is thus demonstrated by comparing Eq. (11) with Eq. (15) .
For simplicity, the gravitoelectric matter is here assumed to be absent, and in consequence the energymomentum tensor T αβ is taken to be zero (and hence T = 0). By introducing a parameter λ, Eq. (15) can be rewritten as
with λ = κψψ. It follows that Eq. (16) is in exact analogy with Einstein's vacuum field equation with a modified cosmological constant Λ+λ. Hence, the term κψψ associated with the gravitomagnetic matter can play a role analogous to the cosmological constant, and the gravitomagnetic charge may be viewed as one of the potential origins of the cosmological constant (or dark energy [31] ). The cosmological constant problem is that why the observed value of the vacuum energy density is so small: the theoretical value of the cosmological constant resulting from the quantum vacuum fluctuation is
where denotes the Planck constant. However, the ratio of experimental value to the theoretical one is only 10 −120 [29] . During the past 40 years, in an attempt to deal with the cosmological constant problem, many theoretical mechanisms [29] such as the adjustment mechanism [32, 33] , changing gravity [34] , quantum cosmology and viewpoints of supersymmetry [35] , supergravity as well as superstrings [36] were proposed. More recently, since some astrophysical observations (e.g., Type Ia supernova observations [37] ) showed that the large scale mean pressure of our present universe is negative suggesting a positive but small cosmological constant, and that the universe is therefore presently undergoing an accelerating expansion [37] , a large number of theories and viewpoints have been put forward to resolve the cosmological constant problem. These include the back reaction of cosmological perturbations [38] , QCD trace anomaly [39] , contribution of Kaluza-Klein modes to vacuum energy [40] , five-dimensional unification of cosmological constant and photon mass [41] , nonlocal quantum gravity [42] , quantum microstructure of spacetime [43] , relaxation of the cosmological constant in a movable brane world [44] , effects of minimal length uncertainty relation (using the modified commutation relation [q, p]) on the density of states [45] as well as comoving suppression mechanism [46] . Although none of these theories achieves a definite and reliable success in dealing with the problem, they drew inspiration from the current knowledge of physics and suggested a variety of possibilities to overcome this difficulty, which enlighten us on this subject. As a new possibility, here we also suggest a new scheme based on the concept of gravitomagnetic monopole to treat this problem. First we assume that there exists a certain creation mechanism of gravitomagnetic charge in the gauge theory (for example, the interaction related to the ChernSimons gauge fields [47, 48] ). Then as demonstrated in Eq. (16) , if the vacuum fluctuation of the gravitomagnetic matter can truly contributes to the cosmological constant, the theoretical value of the cosmological constant may be dramatically suppressed by a large number of orders of magnitude, provided that the parameter λ in Eq. (16) has a minus sign. The present interpretation for the smallness of cosmological constant is suggested in principle but not in detail, since the coupling coefficient κ in Eqs. (15) and (16) 
Thus λ = κψψ ≃ −c 3 /(3π 2 G ), the modulus of which is compared to the previous theoretical value of the cosmological constant in expression (17) . This, therefore, means that there is a possibility for λ to dramatically modify the value of the cosmological constant, if the dual matter is truly present and its contribution is then taken into account.
On the other hand, if the vacuum fluctuation field can be thought of as a perfect fluid, we can find a Meissner-type mechanism from the dynamical point of view: specifically, the gravitoelectric field (Newtonian gravitational field) produced by the mass of the quantum vacuum fluctuation can be exactly cancelled by the gravitoelectric field resulting from the induced dual mass current at vacuum-fluctuation level, and in turn, the gravitomagnetic field produced by the gravitomagnetic charge (dual mass) of the vacuum quantum fluctuation can also be cancelled exactly by the gravitomagnetic field resulting from the induced mass current at vacuum-fluctuation level. Thus, the gravitational effect of the cosmological constant Λ may, in principle, be eliminated (by many orders of magnitude) by the contribution, λ, of the gravitomagnetic charge (dual mass).
Finally, let us return to the topic of nonanalytic metric produced by the gravitomagnetic monopole. We note that there are nonanalytic electromagnetic vector potentials in the case of Dirac monopole [49] . Wu and Yang found that only the phase factor (rather than field strengths or electromagnetic potentials) is more physically meaningful and therefore constitutes an intrinsic and complete description of electromagnetism [50] . As for the case of Dirac monopole, the nonintegrable phase factor can be viewed as a fundamental concept to describe the electromagnetism of magnetic monopole. However, the nonintegrable phase factor with nonanalytic vector potentials becomes undefined if the path goes through a singularity. In order to resolve this difficulty, Wu and Yang used a fibre-bundle construction to avoid the singularity of the nonanalytic vector potentials [50] . A question whether a fibre bundle reformulation of the theory of gravitomagnetic monopoles, which can avoid the singularity of nonanalytic metric, exists is therefore left to us. As stated above, if the gravitomagnetic monopole is at rest, the (µ0) component of the dual Ricci tensor takes the form R µ0 = (1/4)ǫ λσω µ ∂ ω f σλ , where the weakly gravitational field strength "tensor" is defined by Eq. (7) . This, therefore, means that the (µ0)-component dual Ricci tensor has exactly a same mathematical structure as the divergence of dual electromagnetic field tensor. Thus, at least for the case of gravitomagnetic monopole at rest, where the static gravitomagnetic field is produced, there exists a similar fibrebundle construction to define the singularity-free regions and to avoid the corresponding Dirac strings that arise from gravitomagnetic monopoles. The problem regarding whether the singularity-free regions can be defined or not for the other components of the dual Ricci tensor R µν with ν = 0 deserves further consideration.
To summarize, since less attention was paid to the nonanalyticity of metric in the literature, we presented a connection between curvature tensors and dual curvature tensors in terms of the nonanalytic metric, and then discussed the relationship between matter and dual matter in gravitational field equations. A new possibility, which may account for the smallness of the cosmological constant, was proposed by using the gravitoelectromagnetic cancellation mechanism resulting from the dual matter at vacuum-fluctuation level. Such a dual matter is viewed as a perfect fluid. Although at present there are no evidences for the existence of such a topological dual mass, its dynamics and related topics still deserve further investigation theoretically. This may enables us to better understand topological (global) phenomena and to find more such phenomena in gravity theory.
